Latent fingermarks are an important form of crime-scene trace evidence and their usefulness may be increased by a greater understanding of the effect of chemical distribution within fingermarks on the sensitivity and robustness of fingermark detection methods. Specifically, the relative abundance and microdistribution of sebaceous (lipophilic) and eccrine (hydrophilic) material in fingermarks have long been debated in the field, yet direct visualisation of relative abundance and micro-distribution was rarely achieved. Such a visualisation is nonetheless essential to provide explanations for the variation in reproducibility or robustness of latent fingermark detection with existing methods, and to identify new strategies to increase detection capabilities. In this investigation, we have used SR-ATR-FTIR and confocal Raman microscopy to probe the spatial micro-distribution of the sebaceous and eccrine chemical components within latent fingermarks, deposited on non-porous surfaces. It was determined that fingermarks exhibit a complex spatial distribution, influenced by the ratio of lipophilic to aqueous components, and to a first approximation resemble a water-in-oil or oil-in-water emulsion. Detection of a substantial lipid component in "eccrine enriched fingermarks" (wherein hands are washed to remove lipids) is noteworthy, as it provides a potential explanation for several scenarios of unexpected fingermark detection using methods previously thought unsuitable for "eccrine deposits". Furthermore, the pronounced distribution of lipids observed in natural fingermark deposits was intriguing and agrees with recent discussion in this research field that natural fingermarks contain a much higher lipid content than previously thought.
Introduction
Latent fingermarks are trace quantities of skin secretions and cellular debris that are transferred to a surface during finger to surface contact. Successful detection of these trace chemical components reveals the fingermark impression, and is a cornerstone of forensic investigations. Unfortunately, not all latent fingermarks can be detected with current techniques, and a significant number of deposits remain undetected due to issues of sensitivity and specificity. 1 A more comprehensive knowledge of the fingermark deposit itself would be advantageous in the pursuit of improved fingermark detection capabilities and would retrieve additional information from the recovered deposit. The composition of latent fingermarks is a mixture of water-soluble and water-insoluble components originating from the eccrine and sebaceous glands of the skin, skin debris, and residues of materials that have been handled prior to deposition. Herein, we shall refer to water-soluble (hydrophilic) chemical components and water-insoluble (lipophilic) chemical components as eccrine and sebaceous material, respectively. There have been a number of investigations of the bulk chemical composition of fingermarks, [2] [3] [4] [5] [6] [7] yet the spatial distribution of eccrine and sebaceous chemical components within the deposit is less well understood. Fingermark composition is often characterised by bulk measurement techniques such as GC-MS and LC-MS. [2] [3] [4] 6, 8 analysis, Mong et al. postulated a series of processes that may take place over time in the fingermark residue, to account for apparent hardening of the fingermark and resistance to partitioning by development reagents. 2 They postulated that the surface of the fingermark residue developed a waxy coating with age-since-deposition, due to the evaporation of water and transformation of unsaturated compounds to saturated analogues. This layer may hinder the ability of residue components to interact with development reagents by decreasing the surface area for contact. 2 Four decades ago, Thomas et al. emphasised the importance of knowledge of the spatial distribution of fingermark components to understand and interpret any physical measurements on latent fingermark deposits. 9 For example, Moret et al. observed fingermark ridge impressions on glass four days following deposition. 1 Fingermarks deposited on PVC, however, were no longer observable. This could be due to variation in chemical distribution within the fingermark and interactions of the chemical distribution with the substrate. 1 Surface tension and modifications of non-porous surfaces are thought to be causative factors, contributing to the results of Moret et al., but this hypothesis is still under investigation. 1 The interactions between hydrophilic and hydrophobic fingermark components with nonporous substrates may also influence the distribution, subsequently influencing the degradation over time. In order to gain a better understanding of the observations discussed above, advanced characterisation of the spatial distribution of chemical components within the eccrine and sebaceous secretions of a fingermark deposit is required. Non-destructive, direct chemical imaging techniques hold great potential in this respect. FTIR and Raman spectroscopy are ideal for non-destructive characterisation of latent fingermarks due to their ability to directly image (map) chemical components at micron scales. 10, 11 While other techniques such as MALDI-MSI are more sensitive and may offer greater chemical specificity, 12, 13 FTIR and Raman provide superior spatial resolution, which is essential to study the distribution of eccrine and sebaceous components across the deposit. FTIR spectroscopy has been used in previous research to detect fingermarks on different substrates, deduce donor traits such as age and gender and to estimate the time since deposition. 5, 10, [14] [15] [16] [17] [18] [19] [20] Despite the relative improvement of spatial resolution obtained with FTIR compared to other methods, the spatial resolution is still hampered by the long wavelengths of light used relative to optical microscopy. Furthermore, traditional transmission FTIR limits analyses to fingermarks deposited on infrared-transparent substrates (which are relatively rare, expensive, and are not likely to feature at a crime scene). One alternative is to use attenuated total reflectance FTIR (ATR-FTIR), which improves spatial resolution and enables measurement of fingermarks deposited on infrared-opaque substrates (such as glass). Such advantages were demonstrated by Ricci et al. to directly measure and reveal the chemical and spatial information of primarily sebaceous components in fingermarks. 15 Recently, Fritz et al.
demonstrated the advantages of synchrotron radiation as the infrared source to deliver the best possible spatial resolution, with adequate signal to noise ratio, in a shortened experimental time-frame (compared to a non-synchrotron source). 14 The results of Fritz et al. suggested that fingermarks were comparatively chemically homogeneous, both within-samples and between-samples. However, such results were interpreted with caution, as only representative spectra were collected. No chemical imaging was acquired on the entire droplets at micron-scale spatial resolution, which otherwise could be used as direct evidence of reported homogeneity. We have recently reported varying surface adhesion within fingermark droplets using atomic force microscopy (AFM), which suggested possible chemical heterogeneity within individual droplets. 21 An alternative technique to ATR-FTIR to image fingermarks at micron-spatial resolution is Raman microscopy, which typically provides improved spatial resolutions compared to those achieved using FTIR techniques, due to the use of shorter laser excitation wavelengths. Raman spectroscopy, including surface-enhanced Raman spectroscopy, has been successfully applied to chemical imaging of latent fingermark ridge patterns and to detect exogenous substances such as illicit drugs and explosive residues. [22] [23] [24] [25] However, it has not been applied to the study of the fundamental chemical characteristics of fingermark deposits. Both FTIR and Raman techniques complement each other, as vibrational modes that are strong in an FTIR spectrum are usually weak in a Raman spectrum and vice versa. 26, 27 Therefore, they are often used together to gather a more complete chemical picture of a sample. The work presented here reports the use of synchrotronbased radiation ATR-FTIR microscopy (SR-ATR-FTIR) and confocal Raman microscopy to reveal the relative abundance and distribution of eccrine and sebaceous material in fingermarks at the micron scale. These findings will enable more evidencebased approaches, using non-destructive techniques, to study fingermark composition and its variation over time.
Experimental

Fingermark deposition
The details of the donors and the types of deposits obtained are listed in Table 1 . Donors gently pressed their index fingers down for 10 s on non-porous substrates, which had been precleaned with ethanol.
Zinc selenide slides (Crystran Ltd, UK) and calcium fluoride slides (Crystran Ltd, UK) were used as the non-porous substrates for FTIR studies. Glass cover slides (22 mm × 22 mm, Deckgläser, Germany) were used as substrates for the Raman study. An additional sample was prepared via fingermark deposition directly onto the Ge ATR crystal, which was used as a control experiment to demonstrate that the contact made between the substrate (glass slide) and the Ge crystal did not drastically alter the morphology or chemical distribution within fingermark droplets (ESI 1 and 2 †). For "eccrine deposits", donors washed their hands with soap and water and waited for 30 min without touching any surfaces prior to deposition. For "natural deposits", the donor activities were not controlled; however, food handling and hand washing within 30 min prior to deposition were avoided. Fingers were deliberately charged with sebum by rubbing them on the face prior to deposition of the "sebaceous deposits". At least twelve randomly selected droplets with different shapes and appearance from four areas of the deposit (top two corners and bottom two corners from the centre of the deposit) were analysed during the Raman study. The samples were analysed within 10 min to 5 hours after deposition.
Benchtop thermal source FTIR-FPA imaging studies
A larger area of a sebaceous fingermark deposit was investigated in transmission mode using a Bruker Hyperion 3000 FTIR microscope equipped with a liquid nitrogen cooled 64 × 64 pixel focal plane array (FPA) detector and a 15× objective lens (NA = 0.4), coupled to a Bruker Vertex 70 FTIR spectrometer (Bruker Optik, Ettlingen, Germany). A thermal globar infrared source was used. Data collection was controlled using Bruker OPUS Software v7.2. The sample chamber was purged with dry nitrogen to reduce the contribution of atmospheric water vapour and CO 2 . Details of the instrumental arrangements for FTIR studies are given in Table 2 .
Synchrotron sourced FTIR studies
The synchrotron infrared beamline consists of a Bruker Vertex V80v FTIR spectrometer coupled with a Bruker Hyperion 2000 microscope (Bruker Optik GmbH, Ettlingen, Germany) and a liquid nitrogen cooled narrow band mercury cadmium telluride (MCT) detector. A 36× objective and a 36× condenser with a matched numerical aperture (NA = 0.5) were used for data collection. Both the spectrometer and the microscope were continuously purged with dry nitrogen to reduce the interference of water vapour and CO 2 on spectra. The synchrotron beam was focused onto the sample, with a focused beam size of approximately 10 µm diameter (wavelength dependent).
The Hyperion microscope was equipped with pinholes of different sizes (0.15, 0.25, 0.42, 0.60 and 0.75 mm) to further refine the focused beamsize and thereby reducing the sampling area from which spectra are recorded. The 0.25 mm pinhole was used for the synchrotron sourced FTIR experiments in transmission mode to achieve a measurement area on the sample 6.9 µm in diameter.
To achieve higher spatial resolution, an in-house developed macro-attenuated total reflection (ATR) accessory equipped with a germanium (Ge) hemispheric ATR crystal (n Ge = 4.0) was used to produce diffraction limited spatial resolution with a fourfold improvement relative to an equivalent transmission measurement. Furthermore, coupling of the synchrotron beam into the hemispherical crystal resulted in a fourfold decrease in the mapping step size relative to the physical step size motion of the sample stage (i.e., a 2 μm motor step size produces a 0.5 μm translation of the synchrotron beam at the sample/ATR interface). The term "macro" in macro-ATR refers to the macro-sized area of the Ge crystal that makes contact with the sample, enabling larger sample areas to be imaged at micron spatial resolution (the technique, in essence though, is a form of micro-spectroscopy).
All the raw FTIR spectra were baseline corrected and analysed using Bruker OPUS v7.2 and CytoSpec 2.00.01 software (Cytospec Inc., Boston, MA, USA). Images were further processed with ImageJ 1.50i software.
Confocal Raman microscopy
Confocal Raman microscopy was performed using a confocal Raman microscope (alpha 300R, WITec, Ulm, Germany) equipped with a frequency doubled Nd:YAG laser (532 nm) and a piezo scanner operating under following settings: 100× objective, NA 0.9. The spatial resolution of the instrument in this configuration is 300 nm and is diffraction limited according to Rayleigh theory. The sample is mounted onto a piezodriven scanning stage with a position accuracy <2 nm in the x and y directions. The spectra were acquired with a thermoelectrically cooled CCD detector placed behind the spectrometer at a spectral resolution of 3 cm −1 . The WITec Control FOUR software was used for data acquisition and WITec Project FOUR 4.1 for spectral processing. Raman images were acquired with 0.1 s integration time per pixel (i.e., 250 nm step size, to yield a 250 nm × 250 nm pixel). After performing a smoothing for cosmic ray removal, the background was removed by subtracting a polynomial fit to raw spectra.
Results and discussion
Characterisation of spectroscopic markers of sebaceous and eccrine chemical compounds in fingermarks
The bulk chemical composition of fingermarks has been extensively studied, revealing that the composition of fingermarks is complex (many chemical species present), Tables 3 and 4 .
Although the bulk composition of fingermarks is well characterised, the distribution of eccrine and sebaceous chemical components within the fingermark is less well known, especially at the micron-scale. 1 A variety of detection methods exist to visualise ridge detail in latent fingermarks; however, few microscopy methods provide the ability to simultaneously visualise and differentiate between the eccrine and sebaceous chemical components. In this study we have sought to fill this gap of knowledge using the direct spectroscopic imaging techniques of infrared microscopy (IRM) and Raman microscopy to characterise the distribution of sebaceous (lipophilic) components and eccrine (hydrophilic) components within fingermarks, at the meso-scale (20 µm spatial resolution) and micron-scale spatial resolution. To enable visualisation of sebaceous and eccrine components using IRM and Raman microscopy, we first determined spectroscopic marker bands of sebaceous and eccrine material and ensured that these bands are in good agreement with the published literature.
To determine characteristic spectroscopic marker bands of sebaceous and eccrine material, FTIR and Raman spectra were collected from "natural" fingermarks and "eccrine" fingermarks. "Natural" fingermarks contain a mixture of sebaceous and eccrine material, whereas "eccrine" fingermarks are those deposited from freshly washed hands with a typical time interval of approximately 15-30 min prior to deposition. 13, 21 There are no known sebaceous (lipid-secreting) glands on the hand. 33 Therefore, fingermarks deposited following handwashing contain a lower lipid content, and are enriched in eccrine material relative to natural fingermarks. A comparison of FTIR spectra (Fig. 1A ) and Raman spectra (Fig. 1B) collected from "natural" and "eccrine" fingermarks reveals key spectroscopic features that can be used as spectroscopic markers to image the distribution of sebaceous and eccrine material within a fingermark.
Investigating the distribution of eccrine and sebaceous material across fingermark ridges at the meso-scale
The primary objective of this study was to investigate the distribution of eccrine and sebaceous material within fingermark ridges at the micro-scale. However, due to the established heterogeneity of bulk fingermark chemical composition, 34, 35 we first investigated the distribution of eccrine and sebaceous material at the meso-scale (20 µm) using FTIR-spectroscopic imaging (Fig. 2) . Specifically, eccrine regions of the fingermark were visualised using the integrated area under the band for the band centred at 1600 cm −1 (from 1540-1720 cm −1 ), and sebaceous regions of the fingermark were visualised using the integrated area under the band from 1713-1773 cm −1 . Skin debris was visualised using the integrated area under the band from 1507-1548 cm −1 (amide II). Using these spectroscopic markers, the distribution of eccrine material, sebaceous material and skin debris across the fingermark ridges can be seen in Fig. 2 . The images reveal a heterogeneous distribution of eccrine and sebaceous material across fingermark ridges, which appears to be segregated with little overlap between eccrine material (blue component, Fig. 2C ) and sebaceous material (red component, Fig. 2C ).
The results shown in Fig. 2 clearly demonstrate the heterogeneous distribution of eccrine components, which appear dispersed throughout the more abundant sebaceous material forming the ridges of the deposit. The variable distribution of eccrine and sebaceous components shown in Fig. 2 may help in accounting for some of the previous inconsistent findings in the literature. For example, Girod et al. reported identification of some IR bands due to eccrine secretions using µATR-FTIR; however, those bands were not consistently observed in all fresh fingermarks. 5 Based on the heterogeneous and irregular distribution of eccrine components across the sebaceous fingermark ridges presented in Fig. 2 , if large regions of a fingermark are not sampled, it would be possible to sample sebaceous ridges that contain minimal eccrine material. Although the results of FTIR spectroscopic imaging at 20 µm spatial resolution suggest segregation between eccrine and sebaceous chemical components, it does not conclusively preclude the possibility of mixing at a micronscale (i.e. oil-in-water or water-in-oil type emulsions). Therefore, higher-spatial resolution imaging techniques, such as SR-ATR-FTIR and Raman microscopy, were used to investigate the homogeneity of sebaceous or eccrine-rich regions of the fingermark at the micron-scale.
Investigating the distribution of eccrine and sebaceous material in natural fingermarks at the micro-scale using SR-ATR-FTIR
The relatively long wavelengths of light across the mid-infrared range (2-20 µm) have traditionally precluded the technique from biochemical studies at the micron-or sub-micron scale. Fortunately, advances in the application of ATR-FTIR spectroscopy, using high refractive index Ge ATR crystals, provide new opportunities. 47 For point mapping FTIR measurements with a Ge ATR crystal, this has the effect of not only reducing the beam focus size by four times, but also reducing the mapping step size by four times relative to the physical step motion of the sample stage. It is therefore possible to achieve an ATR focus spot size of around 2 μm and a mapping step size of 0.25 μm.
47-49
In this study, ATR-FTIR spectroscopy was applied to image the distribution of eccrine and sebaceous material in individual droplets within fingermark ridges. The minimum size of the infrared beam on the sample was 1.88 µm, and the images were collected with a 0.25 µm pixel size. A representative example of a ridge droplet imaged with ATR-FTIR and 0.25 µm pixel size is shown in Fig. 3 . Visual inspection of representative spectra (Fig. 3B) indicate that the droplet was composed primarily of sebaceous material (lipids), as confirmed by lipid distribution in the droplet (Fig. 3C) . However, small regions (∼2-3 µm diameter) enriched with eccrine components and containing characteristic spectroscopic markers for water (Fig. 3B) were also observed (Fig. 3C) . To a first approximation, the ATR-FTIR images of sebaceous and eccrine material reflect a water-in-oil emulsion. Therefore, although the majority of the droplet contained sebaceous material, in agreement with the segregation between eccrine and sebaceous material observed with FTIR imaging at the meso-scale, the higher spatial resolution of ATR-FTIR suggests that microscopic amounts of eccrine material can occur amongst sebaceous enriched regions.
A potential pitfall of ATR-FTIR is the requirement to bring the sample into physical contact with the ATR crystal, which may result in distortion of the shape of, or chemical distribution within, the droplet. However, in our studies, we found excellent agreement between the location and morphology of fingermark droplets in visible light images recorded before contact was made, and the infrared images after contact was made (ESI Fig. 1 †) . Furthermore, in a separate experiment, a natural fingermark was deposited directly onto the tip of a Ge ATR crystal, which also revealed characteristic aqueous droplets adhered to the periphery of a larger sebaceous droplet (ESI Fig. 2 †) . While these results do not completely rule out the possibility of some distortion to droplet morphology or chemical distribution upon contact with the crystal, at the spatial resolution of the observations, the shape of the droplets and the relative distribution of fingermark components within them appear to be unchanged.
Investigating the distribution of eccrine and sebaceous material in natural fingermarks at the micro-scale using confocal Raman microscopy Although SR-ATR-FTIR enabled visualisation of eccrine and sebaceous components at the micron-scale, within individual droplets of natural fingermarks, the technique is limited by long collection times (several hours per image) and the requirement of a synchrotron light source. Thus, analysis of a larger data set was not possible. To further investigate the submicron distribution of sebaceous and eccrine material within individual droplets that compose fingermark ridges, confocal Raman microscopy was used. Raman spectroscopy is complementary to FTIR in the detection of functional group vibrations. Due to the shorter wavelengths of light used in Raman spectroscopy, the technique provides improved spatial Natural fingermark deposits. To further confirm the results observed with SR-ATR-FTIR, individual droplets along ridges of natural fingermarks were imaged with confocal Raman microscopy. A representative example from an 80 µm × 80 µm area of a natural fingermark deposit (from Donor 9) is shown in Fig. 4 . The findings are in good agreement with those from SR-ATR-FTIR, and reveal fingermark droplets enriched in sebaceous material, containing localised regions enriched in eccrine material. In addition, due to the quick speed of data collection with Raman microscopy, larger regions of the fingermark were able to be imaged, which revealed the presence of eccrine enriched droplets containing small highly localised regions of sebaceous material. Taken together, the results from SR-ATR-FTIR and confocal Raman microscopy from this study support the distribution of eccrine and sebaceous material in fingermarks as water-in-oil or oil-in-water emulsions (investigated further in eccrine fingermarks, below). In addition to investigating the distribution of sebaceous and eccrine material within fingermark droplets, confocal Raman microscopy revealed five different chemical components within the droplets. Distinction between different lipid mixtures in the fingermark was achieved based on the spectral dissimilarities in the high wavenumber region (∼2850-3000 cm −1 , red shaded area in the Raman spectrum of sebaceous material, Fig. 1 ). The difference of intensity between both CH 2 symmetric stretching (2855 cm −1 ) and the Fermiresonance CH 2 stretching (2886 cm
) bands of component (iii) was not as large as in component (iv). The peak height ratio, I 2886 /I 2850 , is an indication of the intramolecular chain disorder and lateral packing between lipid acyl chains, with a lower band intensity ratio indicating a lower hydrocarbon chain order. 38 Future work will now investigate variation in lipid composition within sebaceous rich regions in natural fingermarks.
Eccrine fingermark deposits. As revealed in Fig. 4 , within natural fingermark deposits, individual droplets enriched in sebaceous components appear to contain microscopic amounts of eccrine material. Additionally, droplets enriched in eccrine material appear to contain microscopic amounts of sebaceous material (i.e. the droplets resemble a water-in-oil or oil-in-water emulsion, respectively). The occurrence of small lipid droplets within eccrine enriched regions of natural fingermarks raises the possibility that such observations could occur if small amounts of lipid exist in eccrine fingermarks.
To investigate this in more detail, confocal Raman microscopy was used to investigate the distribution of eccrine and sebaceous material in "eccrine deposits" (i.e. deposits obtained after washing hands). As can be seen in Fig. 5 , confocal Raman microscopy reveals multiple individual lipid droplets (∼0.2-0.5 µm in diameter) that exist in a primarily eccrine matrix, within individual droplets of an "eccrine fingermark".
Significance and impact of the findings
The results of this study have revealed that while segregation between eccrine and sebaceous components is evident at the macroscopic level (i.e. meso-spatial resolution, ∼20 µm, as shown in Fig. 2 ), at the micron scale, sebaceous-rich fingermark regions frequently contain small amounts of eccrine material, and eccrine-rich fingermark regions contain small amounts of sebaceous material. Thus, at the microscopic scale, individual droplets that compose fingermark ridges reflect water-in-oil or oil-in-water emulsions. Considering that it is well established that fingermarks contain both eccrine and sebaceous material, this result may seem intuitive. However, to our knowledge, this is the first study to simultaneously detect and spatially localise both eccrine and sebaceous chemical components at micron resolution. Therefore, this study provides the first strong, direct evidence supporting a long-held hypothesis in the field that the chemical composition and distribution of chemical components within fingermarks reflect water-in-oil and oil-in-water emulsions. As such, the results of this study have several important implications in the field of forensic science and fingermark detection. Firstly, a recent detailed review of the occurrence and abundance of eccrine and sebaceous material in fingermarks highlighted the need for greater research into the distribution of these components in fingermarks. 50 It was previously thought that natural fingermarks were primarily comprised of eccrine material, with sebaceous components representing only a minor fraction. 51 Such a hypothesis largely arises from the fact that sebaceous glands are not present on the fingertips, and therefore, only minute quantities of sebaceous material are acquired from habitual touching of other body regions containing sebaceous glands (i.e. face, hair, or neck). However, as outlined by Kent, 51 much of the literature in the field does not support a primarily eccrine composition in natural fingermarks, with sebaceous components likely existing in much higher quantities than previously thought. The results of this study provide strong, direct evidence supporting the discussion by Kent, as we have directly demonstrated an abundance of sebaceous (lipid rich) material in natural fingermarks, and even in "eccrine fingermarks" collected after hand-washing. The source of the lipids in eccrine fingermarks remains to be confirmed; however, it is likely to be due to sebaceous material from other parts of the body that is not removed by handwashing, with contributions from cellular-sourced lipids also possible. Ferguson et al. previously investigated peptides and proteins in fingermarks by MALDI-MSI, where the donors' hands were cleaned with a 50% aqueous ethanol solution prior to deposition of eccrine-enriched fingermarks. 13 Yet, they putatively identified some anti-microbial peptides, which are found in sebaceous glands, suggesting that hand-washing does not completely remove all sebaceous material that has been transferred to the fingertips from other parts of the body. 13 Thus, our findings in combination with those of
Ferguson et al. suggest that the complete removal of sebaceous material from fingers is difficult to achieve regardless of the use of soaps or solvents. This highlights a strong likelihood that lipids will be present at some level in all fingermarks in a forensic setting, and that developing and optimising fingermark detection methods targeted toward sebaceous components is a logical strategy. The existence of a substantial amount of lipids in eccrine fingermarks also helps explain previously unexpected results in the field of fingermark detection.
For example, Wei et al. recently reported a latent fingermark development technique that makes use of the hydrophobic nature of the deposit to enhance the action of a hydrophilic dye that selectively binds to a bare cellulose membrane. 52 They reported that the technique offered satisfactory results even with eccrine fingermarks, which at the time were thought to be almost purely hydrophilic deposits. Our research demonstrates the presence of lipid droplets within eccrine deposits, Fig. 5 Bright field optical image of a droplet from an eccrine deposit imaged with confocal Raman microscopy (a), averaged Raman spectra of the two components identified in the droplet, blue shading highlights characteristic eccrine spectral features, and red shading highlights characteristic sebaceous spectral features (b) and its composite distribution map showing the distribution of the two components (c). The centre of the droplet in (a) is thought to be a small crystal of salt as no Raman bands were observed in that region other than very weak CH stretching bands. Spectra are scaled to the same y axis. Spectral differences are highlighted in shaded boxes.
which provides a mechanism accounting for the success of a hydrophobic-dependent detection technique when applied to primarily eccrine material. We demonstrate this effect further, and provide an example (Fig. 6) , where successful visualisation of eccrine-enriched fingermarks is easily achieved using the lipophilic reagent Oil Red O. The physical developer technique is the only technique that is currently used routinely in casework to develop fingermarks on wetted porous surfaces. 43 De la Hunty et al. suggested that PD may target a defined mixture of eccrine and lipid constituents, where both must be present in the deposit for silver deposition to occur. 53, 54 They also emphasised the necessity to understand the state in which these targets are present, that is, as a mixture of various compounds or as an emulsion. Although our results are based on non-porous surfaces, they offer insights into this query as our study demonstrates evidence of fingermark droplets existing as an emulsion-like state, reflecting the amount of lipid and eccrine secretions in the droplet. Our study also has implications for interpreting past studies investigating chemical alterations to fingermarks that occur with time following deposition, and for future experimental design of such studies. The heterogeneity observed at the micron scale in this study highlights that time-course studies, in which spatially resolved methods are developed, need to sample the identical/equivalent location of the fingermark across time. Failure to do so may result in observation of substantial variation across time-course measurements, the source of which may arise from spatial-derived-sample heterogeneity rather than time-course chemical alterations. For example, previous studies have combined FTIR spectroscopy with chemometrics to infer donor traits and time since deposition by investigating the chemical changes of the fingermark deposit over time. 5, 14 However, Fritz et al. failed to establish any trends over time with respect to donor traits and time since deposition, due to large uncertainties involved with the data. Our findings suggest that apart from the inter-donor variation, this large uncertainty may also be due to chemical heterogeneity across the deposit. Lastly, our confirmation of the presence of lipids within eccrine droplets at the micron and sub-micron scale has validated the results of fingermark surface adhesion studies. 21 We previously investigated the surface adhesion of eccrine fingermark droplets using AFM with hydrophilic silicon cantilever tips and detected very low values (even negative values) for adhesion in some eccrine droplets. 21 Similarly, low values were observed on natural and sebaceous droplets which contained high amounts of lipids. 21 We were unable to explain this result at that time, but our current findings using in situ chemical analysis may now offer a possible explanation. Specifically, the findings of this current study suggest that previous AFM measurements were influenced by the presence of lipids, accounting for the similarity observed between results across natural and eccrine fingermarks.
Conclusions
The results of this study advance our current understanding of the spatial distribution of sebaceous and eccrine chemical components within fingermarks. Specifically, the application of complementary sub-micron spatial resolution confocal Raman microscopy and sub-micron pixel resolution ATR-FTIR microscopy has provided definitive proof that fingermark droplets have a complex chemical composition of hydrophilic and hydrophobic components, and closely resemble an emulsion. A limitation of this study is the relatively small sample size analysed, which precludes conclusions to be drawn in a forensic context. Likewise, the fingermarks in this study were all analysed within 5 hours of deposition, which is too short a time frame for many forensic scenarios. Thus, the findings of this study should be viewed in the context of increasing the fundamental understanding of fingermark chemical composition, rather than in a forensic crime scene context. However, even with a small donor sample set, through extensive analysis of droplets, we demonstrate here for the first time that depending on the ratio of eccrine to sebaceous material in droplets, the droplets are likely to exist across a range including totally aqueous (eccrine), lipids in an aqueous matrix, aqueous droplets in a lipid matrix, or totally lipid droplets. Intriguingly, we observe a prominent presence of lipids across natural deposits, which were previously considered to contain a substantial amount of eccrine material. Recent discussions in the field have challenged the theory that natural deposits are primarily eccrine, and our results provide key direct evidence supporting these discussions. Our observation of the presence of lipids in microscopic amounts within eccrine enriched deposits pro- vides a rationale for the success of lipophilic detection reagents when used on eccrine fingermarks. Lastly, this study provides the foundation for future studies to employ direct chemical imaging on a micron scale to study latent fingermark chemical composition, which is critical to expand and develop current methodologies for fingermark detection. This study has been approved by the Curtin University Human Research Ethics Committee (Approval Number RDSE-02-15). Informed consent was obtained from all human subjects.
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